The cellular content of phospholipid transfer activity in Rhodopseudomonas sphaeroides was examined as a function of both oxyfen partial pressure and light intensity used for growth. Cells grown under high light conditions (100 W/m ) had over two times the cellular level of phospholipid transfer activity when compared with cells grown under other conditions. Although cells grown under low light conditions (3 W/m2) had the lowest amount of total phospholipid transfer activity, they had the highest level (49%) of membrane-associated transfer activity. The soluble phospholipid transfer activity was further localized into periplasmic and cytoplasmic fractions. The distribution of phospholipid transfer activity in cells grown under medium light intensity (10 W/m2) was calculated as 15.1% membrane-associated, 32.4% in the periplasm, and 52.5% in the cytoplasm. The phospholipid transfer activities in the periplasmic and cytoplasmic fractions had distinctly different properties with respect to their molecular weights (56,000 versus 27,000) and specificities of transfer (phosphatidylethanolamine > phosphatidylglycerol versus phosphatidylglycerol > phosphatidylethanolamine).
Rhodopseudomonas sphaeroides is a facultative photosynthetic bacterium. When cells are grown in the presence of oxygen, they possess typical gram-negative outer and cytoplasmic membranes. When the partial pressure of oxygen is lowered below certain threshold levels, a new membrane system arising as the result of invagination of the cytoplasmic membrane is induced. This membrane is referred to as the intracytoplasmic membrane (ICM) and represents the intracellular location of the photosynthetic apparatus. The formation of the ICM is inhibited by the presence of oxygen, and when grown photosynthetically the amount of ICM per cell as well as the composition of the ICM are regulated by the incident light intensity (1, 13, 23) . Owing to the inducible nature of ICM formation, R. sphaeroides provides a unique and excellent system to study membrane biogenesis (23, 24) .
The biogenesis of cellular membranes has been extensively studied in gram-negative bacteria, especially the synthesis, processing, and assembly of the membrane proteins and phospholipids of Escherichia coli and R. sphaeroides (for reviews, see references 15, 20, 25, and 38) . However, the exact mechanism of phospholipid translocation between membrane systems is still unknown. In E. coli and Salmonella typhimurium the phospholipid biosynthetic enzymes are localized exclusively in the cytoplasmic membrane (4, 46) , and the translocation of phospholipids from this biosynthetic site to the outer membrane has been observed in wild-type and a phosphatidylserine synthetase-defective mutant (16, 27 ) of E. coli and deep rough mutant of S. typhimurium (21) . Similar observations, although cell cycle specific, have been documented for the translocation of phospholipid molecules in R. sphaeroides which are also synthesized on the cytoplasmic membrane (10) and are transferred exclusively from outside the ICM to the ICM at the time of cell division (9) . Several models have been proposed to explain the phenomenon of phospholipid translocation (49) , one of which suggests the involvement of a phospholipid transfer protein. Such protein-mediated activity has been found in numerous eucaryotic cells (for reviews, see references 22 and 47), photosynthetic cells of R. sphaeroides (12) , and spore-forming Bacillus subtilis (28) . However, its physiological role has not been determined. We recently reported on the purification of the phospholipid transfer protein from R. sphaeroides (40), which we hope will facilitate the study of its physiological function.
In this communication, we have followed the relationship between cellular phospholipid transfer activity and ICM biogenesis in R. sphaeroides. Since both oxygen and light are involved in the regulation of photosynthetic membrane biogenesis, we have attempted to determine whether phospholipid transfer activity is regulated by these environmental factors in a manner analogous to ICM formation. Furthermore, we have investigated the cellular location(s) of the phospholipid transfer activity found in R. sphaeroides.
(Part of this research was presented at the Federation of American Societies for Experimental Biology meeting, St. Louis, Mo., 1984.)
MATERIALS AND METHODS
Organisms, media, and growth conditions. R. sphaeroides 2.4.1 was used throughout unless otherwise stated. Cells were grown in the succinic acid minimal medium A of Sistrom (19) . Chemoheterotrophic cells were grown on a gyratory shaker at 33°C. Photoheterotrophic cells were grown in sealed milk dilution bottles at 33°C in front of a bank of GE incandescent lamps. The incident light energy was measured with a Yellow Springs-Kettering model 6.5 A radiometer through a Coming colored-glass filter (CS no. 7-69; 620 to 1,100 nm).
R. sphaeroides CU1014 was used in studies pertaining to the intracellular distribution of the phospholipid transfer activity. Strain CU1014 was constructed from strain 2.4.1 harboring plasmid pGC91.14, which has lacIZY and contains Tcr, Kmr, and Apr factors (33) .
Cell enumeration. Culture growth was followed turbidimet- (12) . Chromatophores were prepared by the method of Fraker and Kaplan (18) . Liposomes, containing 70% phosphatidylcholine, 30% phosphatidylethanolamine, and trace amounts of ['4C]triolein, were prepared as described previously (12) .
Cytoplasmic and periplasmic fractions. Cells were harvested and treated with lysozyme and EDTA by the method of Weiss (45) . The outer membrane and periplasmic fraction were separated from the spheroplasts by centrifugation at room temperature at 12,000 x g for 10 min. Spheroplasts were washed once with 0.1 M Tris hydrochloride (pH 8.0) containing 20% sucrose at room temperature followed by centrifugation. The supernatants from these two centrifugations were combined and cleared of outer membrane materials by further centrifugation at 150,000 x g at 4°C for 2 h. The resultant supernatant was used as the source of the periplasmic fraction. The spheroplasts were osmotically lysed in cold water, and DNA was hydrolyzed by incubation with DNase (1 ,ug/ml) with stirring for 2 h. The lysate was subjected to consecutive centrifugations at 12,000 x g for 10 min and 150,000 x g for 2 h. The resulting supernatant was collected as the cytoplasmic fraction.
Assay of phospholipid transfer activity. Phospholipid transfer activity was assayed as described previously (12) membranes were separated by centrifugation after the addition of chromatophore-specific antibody. The transferred phospholipids were extracted (2, 6) and quantitated in a toluene-based scintillant (12) . One unit of activity is defined as the amount of protein required to transfer 1 pmol of phospholipid per min. To study the phospholipid preference of the transfer activity, the transferred phospholipid species were resolved by two-dimensional thin-layer chromatography on silica gel (35) .
Other quantitative methods. The amount of cytochrome c2 was determined by measuring the difference in the A550 between the fully reduced and oxidized forms (37) . The extinction coefficient is 19.5 mM-1 cm-1. P-Galactosidase activity was determined by measuring the initial rate of hydrolysis of O-nitrophenyl-,-galactopyranoside on a Zeiss spectrophotometer (31) . One unit of activity is the amount of protein required to hydrolyze 1 nmol of the substrate per min. The content of bacteriochlorophyll was measured as described previously (14) . Protein was determined by the method of Lowry et al. (29) , employing bovine serum albumin as standard. Phospholipid was quantitated by the method of Bartlett (3 
RESULTS
Relationship between the biogenesis of the ICM and phospholipid transfer activity. Studies employing steady-state synchronous cultures of photosynthetically grown R. sphaeroides have shown that phospholipids are translocated from outside the ICM to the ICM at or slightly before the time of cell division (9) . The mechanism of phospholipid mobilization and its regulation with respect to ICM biogenesis are unknown. Therefore, the relationship between ICM formation and phospholipid transfer activity was studied by measuring the level of transfer activity present in cell fractions prepared from cells grown under different conditions.
The effect of different growth conditions, such as varying the partial pressure of oxygen and light intensity, on the phospholipid transfer activity in R. sphaeroides is shown in Table 1 . As previously described (14) , cells grown under low light conditions have an increased doubling time and increased content of bacteriochlorophyll. Also as expected, chemoheterotrophically grown cells have no detectable bacteriochlorophyll. Table 1 also shows that phospholipid transfer activity could be detected in chemoheterotrophic cells as well as photoheterotrophic cells as described previously (12) . Cells grown in low light (3 W/m2) had the lowest cellular content of phospholipid transfer activity. Although cells grown under medium (10 W/m2) and high light (100 W/m2) as well as aerobic conditions had similar doubling times, the cells grown in high light had the highest cellular plasm. The periplasm is defined as the fraction located between the outer and cytoplasmic membranes, and the cytoplasm is the fraction within the cytoplasmic membrane. The localization of the soluble phospholipid transfer activity was studied by measuring the distribution of activity between these two cellular fractions.
Our ability to localize phospholipid transfer activity in both the periplasmic and cytoplasmic fractions was facilitated by our ability to rule out cross-contamination between these two cellular fractions. The purity of each of these preparations was evaluated by using specific periplasmic and cytoplasmic markers. By employing spectrophotometric methods and specific antibody against cytochrome c2, Prince et al. have shown this protein is localized in vivo in the periplasmic space and is released when the outer membrane of the cell is removed (36) . ,B-Galactosidase activity is localized in the cytoplasm and will not be liberated when spheroplasts remain intact (31, 34) . These two proteins were used as markers for periplasm and cytoplasm, respectively. R. sphaeroides CU1014, which contains P-galactosidase activity, was used in this study. In the photosynthetic cells grown under medium light conditions, cytochrome c2 was found exclusively in the periplasmic preparation, while P-galactosidase activity resided in the cytoplasm ( Table 2 ). The phospholipid transfer activity could be demonstrated in both the fractions designated as periplasm and cytoplasm, and its distribution between these two cellular compartments was 30 to 40% of the activity in the periplasm and the remainder in the cytoplasm. The distribution of phospholipid transfer activity in chemoheterotrophic cells of R. sphaeroides was also tested ( 27 ,000 daltons (Fig. 1) . Furthermore, the preference for 'IN which species of phospholipid was transferred by the perit:h plasmic and cytoplasmic fractions was also different ( This phenomenon has been observed in several eucaryotic tissues. Phosphatidylinositol transfer activity in developing rat brain increases at the onset of myelination (7, 39) and during postnatal development (11) . Phosphatidylcholine transfer activity in mouse lung is correlated with the specific alveolar surface and demand of lung surfactant dipalmitoyl phosphatidylcholine (30) . Mitochondria and microsomes from rat hepatoma 27, unlike those of a normal liver cell, contain an unusual amount of sphingomyelin and cardiolipin (5) , which coincide with the isolation of a new universal phospholipid transfer protein from this tumor cell (17) .
We have also shown that phospholipid transfer activity is localized in both the periplasmic and cytoplasmic fractions derived from both photoheterotrophic and chemoheterotrophic cells of R. sphaeroides. The distribution of phospholipid transfer activity in cells grown under medium light intensity was calculated as 15.1% being membrane associated, 32.4% in the periplasm, and 52.5% in the cytoplasm (Tables 1 and 2 ). The properties of the phospholipid transfer activity in each of these fractions have been compared in two aspects, the molecular weight and the phospholipid preference for transfer. As estimated by gel filtration, the size of the transfer activity in the periplasmic fraction was 56,000 daltons, and in the cytoplasmic fraction the size was 27,000 daltons. The phospholipid species transferred by the periplasmic activity reflected the bulk composition of the donor membranes, whereas the phospholipid species transferred by the cytoplasmic activity showed a very clear preference for phosphatidylglycerol, despite the overwhelming abundance of phosphatidylethanolamine in the donor membranes (32, 40) . Based on the gel filtration column profile, the membrane-associated phospholipid transfer activity was a mixture of the periplasmic and cytoplasmic fractions. The activities in the periplasmic and cytoplasmic fractions have vastly different properties, and our results appear to rule out the possibility of cross-contamination between these two fraction. Therefore, these two activities would appear to be different proteins. By comparing the properties of the recently purified phospholipid transfer protein from R. sphaeroides (40) with those described above, we conclude that the purified protein is derived from the cytoplasmic fraction. Further comparison of the periplasmic and cytoplasmic activities requires the purification of the periplasmic phospholipid transfer protein.
An unambiguous determination of the physiological function of the phospholipid transfer protein has not yet been established. If we assume that the phospholipid transfer protein is involved in the translocation of phospholipid molecules between membranes in situ, the intracellular localization of the activity demonstrated here may help shed some light on its biological function. The existence of phospholipid transfer activity in the periplasm may implicate its involvement in phospholipid translocation between cytoplasmic and outer membranes, although this phenomenon has not been demonstrated in R. sphaeroides. The cytoplasmic transfer activity may be involved in the movement of phospholipids into the ICM in photosynthetically grown cells; however, this activity may not be its exclusive physiological function. Further, the presence of the cytoplasmically localized activity in chemoheterotrophic cells suggests a more general role for the cytoplasmically localized activity in cellular lipid metabolism.
